The influence of simulated climate change on soil respiration was studied in a field experiment on 4 m × 5 m plots in the semiarid temperate Pannonian sand forest-steppe. This ecosystem type has low productivity and soil organic matter content, and covers large areas, yet data on soil carbon fluxes are still limited. Soil respiration rate -measured monthly between April and November from 2003 to 2006 -remained very low (0.09 -1.53 µmol CO 2 m -2 s -1
Introduction
Soil respiration is an essential component of biosphereatmosphere interactions, thus CO 2 emission from soils has a profound impact on global climate. These interactions, however, vary from biome to biome, and within a biome from ecosystem to ecosystem (Raich and Schlesinger 1992 , Raich and Tufekcioglu 2000 , Sabine et al. 2004 . Since the main terrestrial carbon sinks on Earth are forests and -due to their very low respiration intensity -tundras, most studies on carbon cycle focus on these ecosystems. Treeless and transitional terrestrial ecosystems -which often appear as spatial mosaics of different vegetation types -should deserve much more attention in this field than so far due to their large area coverage (e.g., temperate grasslands occupy ca. 10% of the terrestrial surface (Sabine et al. 2004) ), and the marked climate and other global (e.g., land use) changes these ecosystems are subjected to. Terrestrial ecosystems in transitional climatic zones are supposed to be highly susceptible to climate change (Gosz and Sharpe 1989, Risser 1995) if one considers their position in the climatic state space (Whittaker 1975) . On the other hand, such ecosystems are usually exposed to frequent climatic or weather fluctuations, therefore they could possess higher adaptive capacity to fluctuations of this sort.
A large community of researchers uses modelling approach to uncover details of the global carbon cycle, and to predict future changes (Parton et al. 1998 , Cramer et al. 2001 . Empirical models of carbon exchange are starting to take into consideration as many relevant factors as possible to obtain a more precise parametrization of the model, but mostly remain valid only for a limited number of ecosystems (Thornley and Cannell 1997 , Grant et al. 2003 , Reichstein et al. 2003 . Field observations, measurements and experi-) in accordance with the moderate biological activity and low humus content of the nutrient poor, coarse sandy soil. Specific soil respiration rate (calculated for unit soil organic matter content), however, was relatively high (0.36 -7.92 µmol CO 2 g -1
) suggesting substrate limitation for soil biological activity. During the day, soil respiration rate was significantly lower at dawn than at midday, while seasonally clear temperature limitation in winter and water limitation in summer were detected. Between years, annual precipitation appeared to be important in determining soil carbon efflux intensity. Nocturnal warming increased soil temperature in 1 cm depth at dawn by 1.6°C on the average, and decreased topsoil (0-11 cm) moisture content by 0.45 vol%. Drought treatment decreased soil moisture content by an average of 0.81 vol%. Soil respiration rate tended to decrease by 7-15% and 13-15% in response to heat and drought treatment, respectively, although the changes were not statistically significant. Nocturnal warming usually prevented dew formation, and that probably also influenced soil respiration. Based on these results, we expect a reduction in the volume and rate of organic matter turnover in this ecosystem in response to the anticipated climate change in the region.
Nomenclature: Borhidi and Sántha (1999) for plant communities.
Abbreviations: ANOVA-Analysis of Variance; LAI-Leaf Area Index. ments, however, are necessary tools to improve and test models. The temperature and moisture responses of decomposition processes are important inputs for climate change scenarios.
Soil respiration, as an indicator of soil biological activity, is strongly influenced by temperature and soil moisture, as it has been reported by numerous authors (e.g., Wilson and Griffin 1975 , Wildung et al. 1975 , Szili-Kovács et al. 2000 , Raich and Tufekcioglu 2000 , Mielnick and Dugas 2000 , Xu and Qi 2001 . A particular ecosystem or vegetation type may have further specific impacts on soil biological activity mostly through altering the quality and quantity of organic matter input, and by its characteristic heat and soil moisture regimes (Raich and Schlesinger 1992 , Raich and Tufekcioglu 2000 , Rustad et al. 2001 , Reichstein et al. 2003 , McCulley et al. 2004 . The Pannonian sand forest-steppe is specific in this respect due to its mosaic-like appearence and extreme soil conditions. Climate change field experiments are rather few in number, but their importance in understanding ecosystem response to climate change is high (Beier 2004 ). In the Pannonian region -according to model projections -parallel with increase in temperature, rainfall will decrease primarily during the growing season (Molnár and Mika 1997, Mika 2003) . Climatologists agree that global warming mostly manifests in increases in daily minimum (nighttime) temperatures (IPCC 2001) . Therefore, in the frame of the EU FP5 VULCAN project we have launched a climate simulation experiment, applying passive nighttime warming and rain exclusion in the peak vegetation period ) to estimate ecosystem responses to changing climatic conditions.
In this study, we aimed at the quantification of 1) soil respiration rate in the semiarid temperate sand forest-steppe ecosystem; 2) the daily, seasonal and yearly courses of the intensity of CO 2 emission from the soil; and 3) the magnitude of effects of heat and drought treatments applied in accordance with forecasted changes in climate.
Material and methods

Ecosystem studied
The Pannonian sand forest-steppe is part of the transitional biome between the temperate deciduous forest and the steppe zones in Europe, and appears as large-scale mosaic of various formations like shortgrass grasslands (Festucion vaginatae, Festucion rupicolae), xerothermic sand oakwoods (Iridi variegatae -Quercetum roboris, Populo canescentis -Quercetum roboris), mixed juniper-poplar woodlands and shrublands (Junipero -Populetum albae) (Borhidi and Sántha 1999) . The sandy soil (Calcaric arenosol, FAO) is very poor (%) in organic matter, and has extreme heat and water regimes (Kovács-Láng et al. 2000) . Soil humus content in 0-10 cm depth at the spots where soil respiration was measured varied between 0.40 and 0.65%, corresponding to 0.23 and 0.37% carbon, according to our measurements. In the studied region, mean annual temperature is 10.4°C, yearly precipitation is 505 mm (30-year average between 1961 -1990) . Mean monthly temperature ranges from -1.9°C
(January) to 21.1°C (July), and in the vegetation period (April -October) the average is 16.4°C. Peak precipitation usually occurs in June (72.6 mm), often followed by a midsummer drought, and then the autumn is rainy again. Associated with this environmental pattern, the growth of the dominant perennial grass (Festuca vaginata) also follows a bimodal annual course: the first peak appears in early summer, while the second one in autumn after the end of midsummer drought (Kovács-Láng 1974) . Low winter temperature causes a winter dormant period for vegetation. Thus, the local biota is adapted to both low temperature and water shortage imposed by the semiarid temperate climate which effect is further amplified by the sand soil of low water holding capacity (field capacity at pF =2.1 (-0.02 MPa) is 8 Vol%, wilting point at pF =4.2 (-1.58 MPa) is~1 Vol%) (Kertész 1991) .
Field experiment: heat and drought treatments
In the frame of the EU FP5 VULCAN Project (Beier et al. 2004 ), a plot-sized climate manipulation experiment was set up in the forest-steppe vegetation mosaic in the DanubeTisza interfluve, Hungary (Kiskunság experimental site). The site is located near the village Fülöpháza (46°52'N; 19°25'E), in a stand of white poplar shrubs forming a mosaic with xeric sand grassland of ca. 60% vascular plant and ca. 25% bryophyte and lichen cover, according to our survey. The dominant species are Populus alba L. and Festuca vaginata W. et K. Changes in climate forecasted to the region were reproduced by an experimental manipulation of the microclimate on 4 m × 5 m plots since 2002. Passive heat treatment was applied throughout the year by preventing long wave (infrared) reradiation from the soil surface during night by using retractable horizontal heat reflecting aluminiumpolyethylene curtains on scaffoldings at a height of ca. 1 m above the plots. Curtain movement was automatically controlled by light sensors. Drought treatment was achieved by excluding precipitation from the plots in May and June, prefixed timing in each year, using rain-activated, transparent polyethylene roofs, which automatically covered the plots during rainfall. Experimental plots received either heat or drought treatment, no combination of the two treatments was applied. A third series of plots without any microclimate manipulation was set up as control. Three replicate plots per treatment (drought or heat) and three control plots were established, thus altogether nine plots were arranged in a complete randomized block design ). To avoid occasional rain exclusion from heat treated plots, the heat reflecting roofs were automatically removed in case of nighttime rainfall and were replaced after the end of rain. To prevent wind damage on the climate manipulation system, all roofs were retracted during strong winds. The microclimate of each plot was monitored by various sensors connected to data loggers ).
Field measurements
Experimental treatments started in 2002, soil respiration rate was measured between 2003 and 2006 once per month from April to November, followed by a winter (DecemberMarch) break due to frozen soil surface or snow cover. In each month, measurements were made at dawn (between 2:30 and 7:30) and repeated at midday (between 11:30 and 16:30) because diurnal changes in soil subsurface temperature are relatively small during these times of the day. In 2006, measurements were made only at midday. Soil respiration rate was measured by an open gas exchange system equipped with a soil respiration chamber of 10 cm diameter and 926 ml volume (ADC LCA4 with PLC 2250 Soil hood, ADC BioScientific, Hoddesdon, U.K.). Three replicate measurements per plot without using soil collars were made on permanent spots on bare sand surface. For statistical evaluation, plot means (n = 3) were used as raw data. During soil respiration measurements, soil temperature in ca. 1 cm depth and CO 2 concentration of bulk air were also recorded by ADC LCA4, while volumetric soil moisture content was measured in the 0-11 cm layer by a TRIME-FM TDR handheld device. The rest of the meteorological data used in our analyses were recorded either at a nearby (< 1 km distance) standard meteorological station or at the experimental site. Since the soil surface between plants is mostly bare, to avoid undue heterogeneity in data, soil surface on measurement spots was kept continuously bare by regularly removing seedlings, mosses, lichens or surface litter. Soil respiration data therefore represent the sum of root respiration and microbial respiration.
Statistical analysis
The effects of time and experimental treatments were tested by Repeated Measures ANOVA followed by Tukey post hoc tests for the comparison of means (Sokal and Rohlf 1981) . Dawn and midday data were analyzed separately, except for soil moisture where diurnal variation was smaller than the measurement error, therefore only midday data were used. Soil respiration data were log transformed to improve homogeneity of variances. Normality of residuals was checked by Q-Q plots. For all analyses, the Statistica 6.0 package (StatSoft 2001) was used.
Results
Variability of environmental factors affecting soil respiration
The weather was quite different between the four study years (Table 1) Table 3 ). Although directly not measured, it was regularly observed that nocturnal warming by covering plots with curtains impeded dew formation on soil and vegetation surfaces at dawn in summer.
Volumetric soil moisture content in the sandy soil of high infiltration rate and low water holding capacity ranged from Table 1 . Thirty-year-average meteorological data from the standard meteorological station at Kecskemét; meteorological data of the study years from the meteorological station adjacent to the Kiskunság sand forest-steppe site; treatment effects and soil characteristics in the experimental plots.
0.1% to 12.8% (Fig. 2) which corresponds to an interval of -10 to -0.01 MPa water potential in this coarse textured soil. There was a significant negative correlation between soil subsurface temperature and topsoil moisture content at 0-11 cm depth that was evident in each year and season (R 2 = 0.22, p < 0.001). For soil moisture content the effect of months and years was also significant (p < 0.001, Tables 1 and 2) with minimum values occurring in midsummer. Both heat and drought treatments reduced topsoil moisture content in 0-11 cm depth by 0.45 and 0.81 vol%, which resulted in a decrease of 8 and 15%, respectively, compared to the control, but only the effect of drought treatment was significant for the four years (p = 0.027, Tables 2 and 3) . Within a year, the decrease of soil moisture content due to treatments was not significant statistically, although trends were similar (Table 3) .
Effects of years, months and daytime on soil CO efflux
During the four years of the field experiment soil respiration rate was very low, between 0.09 and 1.53 µmol CO 2 m -2 s -1
, which corresponds to 0.004-0.066 g CO 2 -C m -2 h -1
.
Mean soil respiration rate varied significantly with years (p < 0.001), months (p < 0.001) and time of the day (p < 0.001, (Fig. 3a, 3b) .
Effects of heat or drought treatments on soil CO efflux
Since there was significant interaction between time of measurement during the day (dawn or midday) and treatments, treatment effects were analysed separately for dawn and midday data. Although treatment effect on soil respiration for the whole measurement period was not statistically significant, the intensity of soil carbon dioxide efflux tended to decrease by 15% and 13% at dawn, and 7% and 15% at noon, due to the heat and the drought treatment, respectively.
When each year is examined separately, a more detailed pattern emerges (Tables 2 and 3 ). During the exceptionally dry and hot 2003 only 44.8 mm rainfall occurred between April and June, thus not only the drought treatment, but the control also suffered severe drought. In the drought treatment, 45% of precipitation was excluded. Soil respiration in treated plots did not differ significantly from control (Table 3 ).
In the relatively cool and rainy 2004, in the April-June period 273 mm precipitation occurred (that is about six times of the 2003 value, Table 1 ) from which drought treatment excluded 38%. Soil respiration responded neither to the heat nor to the drought treatments in the studied period despite the relatively large amount of precipitation excluded in drought treatment (Table 3) .
In 2005, precipitation in the peak vegetation period was 167 mm from which 76% was excluded in the drought treated plots. Soil respiration tended to be lower in response to both treatments, although the differences from control were not significant (Table 3 ).
In 2006, there was 244 mm precipitation for the peak vegetation period and the extent of exclusion was 59%. This treatment produced only a tendency for reduction in soil respiration rate (Table 2) .
Discussion
Soil respiration is controlled by a number of environmental factors (e.g., soil temperature, soil moisture content, substrate availability, mosaic pattern of vegetation) and the variation of these with time on different scales and -in this case -with experimental treatments (Rustad et al. 2001 , Kirschbaum 2004 ). This requires first to identify temporal variation of each relevant soil variable for each time scale (i.e., daily, monthly and yearly changes of temperature and soil moisture) then to assess associated patterns in soil respiration rate. Only after these steps it is possible to distinguish the influence of a certain environmental variable on soil respiration.
The four-year series of measurements were conducted in a spatially heterogenous vegetation (i.e., forest-steppe mosaic), under highly variable temperature and soil moisture conditions, that is characteristic for the climate of the Pannonian region and also derives from the physical characteristics of the sand substrate. Measured soil respiration rates in the temperate semiarid sand forest-steppe vegetation ranged from 0.004 to 0.048 g C m -2 h -1
, which is rather low when compared to results of other studies conducted in temperate grasslands or shrublands (Rustad et al. 2001 , Frank et al. 2002 , Murthy et al. 2003 , Harper et al. 2005 , Zhou et al. 2006 ). However, these data look reasonable considering the extreme environmental conditions and very low organic matter content (0.40 to 0.65% at 0-10 cm soil depth) and microbial biomass (160 to 190 µg C g -1 dw)
of the soil (Kovács-Láng et al. unpublished) . Since microbial activity is closely associated with the surface of roots in this system, heterotrophic (bacterial) and autotrophic (root) respiration cannot be separated. Under such extreme conditions, soil respiration rate can be one or two orders of magnitude lower than that in soils of higher biological activity. These findings may apply to a wide range of ecosystems covering large land surfaces (semiarid grasslands, semideserts and deserts) not well studied so far. Wildung et al. (1975) working on a non-calcareous grassland soil of arid shrub-steppe reported soil respiration values similar to ours (0.008 -0.050
). Specific soil respiration (respiration rate per soil organic matter) in the sand forest-steppe, however, is relatively high (0.36 -7.92 µmol CO 2 g -1
) which suggests substrate limitation of soil biological activity as also emphasized by Luo et al. (2001) . This was verified for this soil in a substrate addition experiment by Szili-Kovács and Török (2005) .
In the Pannonian forest-steppe, soil respiration displays a characteristic, annually repeated seasonal course. In other studies, the seasonal course of soil respiration rate is also obvious most often with winter minimum and summer maximum values, that is usually attributed to the seasonal course of soil temperature (Wildung et al. 1975 , Mielnick and Dugas 2000 , Xu and Qi 2001 , Flanagan et al. 2002 , Frank et al. 2002 . Seasonal course of soil respiration, however, may be controlled not only by temperature but also seems to be closely associated with water availability and the seasonal activity pattern of vegetation, reaching its peak in spring and autumn and having a summer water-limited and a winter temperature-limited period. Such temporal pattern and close association with plant growth was also observed by Tingley et al. (2006) . Sponseller (2007) emphasizes the importance of individual precipitation events in a semiarid ecosystem having significant influence on soil respiration pattern, although in relative short time scale, by imposing resource limitation on microbial activity.
In a multiyear investigation in the tallgrass prairie, soil temperature was found to be primarily responsible for the seasonal course, while annual precipitation for the interannual differences in soil respiration (Mielnick and Dugas 2000) . Flanagan et al. (2002) studied ecosystem respiration in a northern temperate grassland and came to results similar to ours, indicating a summer water-limited period as well. On the basis of our four-year study in the sand forest-steppe, the annual precipitation seems to be an important factor of soil microbial activity on the yearly time-scale, particularly the amount of precipitation in the peak vegetation period as it is seen by the high soil respiration activity in the rainy . Reichstein et al. (2003 found a strong relationship between soil respiration and ecosystem productivity (e.g., LAI), while Flanagan et al. (2002) observed a positive LAI to soil moisture relationship. It seems likely that between-year differences in vegetation productivity primarily caused by variation in precipitation may be in the background of the yearly pattern of soil respiration in these partly water-limited ecosystems. Water in this case displayed indirect effect on soil respiration through increased plant growth, on the one hand expressed by higher organic matter input to soil, and on the other, by enhanced root activity.
In other field experiments , Zhou et al. 2006 , soil respiration rate increased in response to heat treatments. Contrary to expectations, nocturnal warming did not enhance soil respitration relative to control in our 4-year experiment. In line with our results, Luo et al. (2001) found no significant effect of experimental warming in a tall grass prairie. Cooling down of the soil surface at dawn was tempered by an average 1.6°C as a consequence of nocturnal sheltering, what should create more beneficial temperature conditions for soil respiration. Heat treatment had, however, an indirect effect as well, i.e., decreased the soil moisture content of the topsoil relative to control, as it was also documented by Zhou et al. (2006) , and this could outrange the expected positive effect of rising temperature on soil respiration. Davidson et al. (1988) reported that moisture limitation may sometimes mask the temperature response, particularly at higher temperatures. Saleska et al. (1999) also draw the attention to the indirect drought effect of warming on the ecosystem activity. The simultaneous drying effect of the heat treatment could result on one hand from the exclusion of dewfall by the roofs covering the plots at night, and on the other, from presumed reduction in water vapor condensation and underground dew formation (Szász 1967 , 1972 , Agam and Berliner 2006 that is a direct consequence of the restrained cooling down of the soil surface. The higher evaporation rate at night due to higher temperature on the treated plots could also contribute to the lower water content of the soil. Although decreased water availability caused by the exclusion of dewfall from heat treated plots could be considered as an unwanted effect during the experiment, the amount of dewfall is anticipated to decrease with changing climate in this region. During summer drought dew formation is a very important source of water in this ecosystem (Verseghy et al. 1987, Agam and Berliner 2006) .
In accordance with earlier findings (Harper et al. 2005) , rain exclusion in May and June had negative influence on soil respiration. Although we could reveal only tendencies, the decrease in soil respiration intensity due to both heat and drought treatments was characteristic during the four year of study. Emmett et al. (2004) presenting the results of a comparative field experiment report also about trends for changing soil respiration rates in response to drought and heat treatments. In field experiments we face methodological, spatial and temporal limitations (Dunne et al. 2004 ) and due to the high variances, we can often recognize tendencies instead of statistically significant changes.
The degree of the changes in soil respiration due to treatments was different in the different years. Weather extremities (severe drought and hot spring in 2003, and unusually high rainfall in 2004) damped the effects of treatments of the given extent while in the more or less average years of 2005 and 2006 treatment effects were more pronounced. This also draws the attention to the importance of the effects of weather extremities during climate change.
In conclusion, in a four-year field experiment in a semiarid temperate forest-steppe ecosystem developed on sand soil of low organic matter content, soil respiration rate was very low and tended to decrease in response to both yearround nocturnal warming and rain exclusion during peak vegetation activity. Reduction in dewfall in heat treatment indicates that temperature increase will amplify the impact of drought on carbon dynamics in this ecosystem. These results suggest that increasing temperature and decreasing water availability, expected with climate change, probably will reduce the volume and rate of organic matter turnover in the Pannonian Region. A better understanding of these processes, however, requires thorough analyses of temperature and soil water content limitation of soil respiration. These analyses are beyond the scope of this paper and will be covered in follow-up publication particularly dedicated to this problem.
